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Abstract 

Phosphorylation of sphingosine by sphingosine kinases (SphKI and SphK2) generates sphingosine-1 -phosphate (SIP), a 
bioactive sphingolipid which promotes cancer cell survival and tumor progression in vivo. We have recently reported that 
targeting SphK2 induces apoptosis for human primary effusion lymphoma (PEL) cell lines infected by the Kaposi's sarcoma- 
associated herpesvirus (KSHV), and this occurs in part through inhibition of canonical NF-kB activation. In contrast, 
pharmacologic inhibition of SphK2 has minimal impact for uninfected B-cell lines or circulating human B cells from healthy 
donors. Therefore, we designed additional studies employing primary human endothelial cells to explore mechanisms 
responsible for the selective death observed for KSHV-infected cells during SphK2 targeting. Using RNA interference and a 
clinically relevant pharmacologic approach, we have found that targeting SphK2 induces apoptosis selectively for KSHV- 
infected endothelial cells through induction of viral lytic gene expression. Moreover, this effect occurs through repression of 
KSHV-microRNAs regulating viral latency and signal transduction, including miR-K12-1 which targets IkBcz to facilitate 
activation of NF-kB, and ectopic expression of miR-K12-1 restores NF-kB activation and viability for KSHV-infected 
endothelial cells during SphK2 inhibition. These data illuminate a novel survival mechanism and potential therapeutic target 
for KSHV-infected endothelial cells: SphK2-associated maintenance of viral latency. 
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Introduction 

Kaposi's sarcoma-associated herpesvirus (KSHV) is one of the 
most common etiologic agents for cancers, including primary 
effusion lymphoma (PEL) and Kaposi's sarcoma (KS), arising 
preferentially in the setting of HIV infection [1,2] or organ 
transplantation [3,4]. Despite the reduced incidence of KS during 
antiretroviral therapy (ART), KS remains the most common 
AIDS-associated tumor worldwide [5] and continues to incur 
significant morbidity and mortality for these patients [1,2]. 
Endothelial cell-derived, KSHV-infected "spindle cells" represent 
the defining histological feature of KS [6] . However, there are no 
therapeutic approaches available for selective targeting of these or 
other KSHV-infected cells within the tumor microenvironment. A 
better understanding of mechanisms regulating survival selectively 
for KSHV-infected cells relative to uninfected cells should 
facilitate development of safer and more effective therapeutic 
approaches for KSHV-infected tumors. 



Sphingolipid biosynthesis involves hydrolysis of ceramides to 
generate sphingosine which is subsequently phosphorylated by one 
of two sphingosine kinase isoforms (SphKI or SphK2) to generate 
sphingosine-1 -phosphate (SIP) [7-10]. Bioactive sphingolipids, 
including ceramides and SIP, act as signaling molecules to 
regulate apoptosis and tumor cell survival [7]. In contrast to the 
generally pro-apoptotic function of ceramides, SIP promotes cell 
proliferation and survival [8]. Relatively limited published data 
also suggest a role for sphingolipid biosynthesis pathways in viral 
pathogenesis [11—13]. This is of particular relevance given the 
recent development of a highly selective and well-characterized 
small molecule inhibitor of SphK2 (ABC294640) [14,15] display- 
ing significant anti-tumor activity for a variety of cancers [16,17] 
and which is currently under evaluation in a Phase I clinical trial 
for patients with solid tumors (Clinicaltrials.gov Identifier: 
NCT01488513). However, mechanistic and functional conse- 
quences of SphK inhibition for virus-infected cells had not been 
previously explored. We recently reported that pharmacologic 
inhibition of SphK2 using ABC294640 induces dose-dependent, 
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caspase-mediated apoptosis for KSHV-infected PEL cell lines and 
suppresses PEL tumor progression in vivo [18]. Furthermore, we 
found that targeting SphK2 induces PEL apoptosis in part through 
inhibition of NF-kB activation. In contrast, pharmacologic 
inhibition of SphK2 had minimal to no impact on basal levels of 
bioactive sphingolipids, caspase cleavage, or cell survival for an 
uninfected B-cell tumor line, or for circulating human B cells from 
healthy donors [18]. These latter data suggest that SphK2 may 
selectively maintain survival for KSHV-infected cells, although 
additional work using relevant cell culture systems permissive for 
de novo KSHV infection are needed for exploration of potential 
mechanisms. Therefore, we sought to establish whether targeting 
SphK2 induces apoptosis selectively for KSHV-infected primary 
human endothelial cells following de novo infection, and if so, to 
identify putative mechanisms for SphK2-mediated survival of 
these cells. 

Results 

Targeting SphK2 induces caspase cleavage and 
apoptosis selectively for KSHV-infected endothelial cells 

To determine the impact of targeting SphK2 in the presence or 
absence of KSHV, we incubated pDMVEC with or without 
KSHV, then subsequently transfected cells with either SphK2- 
specific or control siRNA. We found that KSHV increases SphK2 
expression in pDMVEC, and that SphK2-specific siRNA reduces 
SphK2 expression for both control and KSHV-infected 
pDMVEC, although this effect is more readily demonstrated for 
infected cells given the relatively low basal expression of SphK2 in 
uninfected cells (Fig. 1A). SphK2-specific siRNA also induced 
caspase cleavage and apoptosis for KSHV-infected cells, but had 
no discernable impact for uninfected pDMVEC (Fig. 1A and B). 
Consistent with these results, we found that pharmacologic 
inhibition of SphK2 also induced dose-dependent caspase cleavage 
and apoptosis for KSHV-infected cells, while only a little 
increasing of caspase cleavage and apoptosis for ABC294640- 
treated uninfected cells even at the high concentration of 60 |iM 
used (Fig. 1C-E). 

In parallel, mass spectrometry was used to quantify bioactive 
sphingolipids and verify functional SphK2 inhibition in 
pDMVEC. SphK2 inhibition was confirmed within KSHV- 
infected cells by observation of dose-dependent increases in 
ceramide and dihydro-ceramide species and reductions in both 
intracellular and extracellular SIP during pharmacologic inhibi- 
tion of the enzyme (Fig. 2). In contrast, pharmacologic targeting of 
SphK2 had no appreciable impact on basal levels of bioactive 
sphingolipids within uninfected cells (Fig. 2). These data indicate 
that targeting SphK2 suppresses increased production of SIP 
induced during KSHV infection of endothelial cells, but not basal 
production of SIP. 

Inhibition of SphK2 enhances apoptosis through 
induction of viral lytic gene expression within KSHV- 
infected endothelial cells 

Based on the above results, we hypothesized that SphK2 activity 
may regulate cell survival pathways specific to KSHV-infected 
cells, and specifically those associated with viral gene expression. 
As with other herpesviruses, the life cycle of KSHV involves two 
phases: a latent phase during which the virus persists as 
circularized episomes in the nucleus with only a limited number 
of genes expressed; and a lytic phase during which the viral 
genome is linearized and more than 80 genes are expressed, 
ultimately resulting in release of infectious virions and cell death 
[19]. Induction of KSHV lytic gene expression, dependent on 



activation of KSHV ORF50 that encodes a viral replication and 
transcription activator (RTA), results in PEL cell death [6,20-22]. 
We also previously reported that pharmacologic inhibition of 
SphK2 in PEL cells induces KSHV lytic gene expression [18]. 
Therefore, we sought to determine whether SphK2 regulates 
KSHV gene expression in endothelial cells, and whether targeting 
SphK2 induces apoptosis through induction of viral lytic gene 
expression. Using qRT-PCR, we found that either SphK2 
silencing, or pharmacologic inhibition of SphK2 in a dose- 
dependent manner, significandy increased the expression of 
representative KSHV lytic genes (ORF50, ORF74, K8.1, ORF57) 
within KSHV-infected pDMVEC (Fig. 3A and B). Immunofluo- 
rescence (IFA) data further confirmed that ABC294640 treatment 
induced viral lytic protein K8.1 expression in the cytoplasma, 
when compared with the vehicle-treated controls (Fig. 3C). In 
contrast, targeting SphK2 had no appreciable impact on 
expression of KSHV ORF73 which encodes the latency-associated 
nuclear antigen (LANA) (Fig. 3 A and B). Furthermore, RNAi 
silencing of ORF50 suppressed "downstream" expression of other 
KSHV lytic genes such as ORF74, K8.1 and partially inhibited 
induction of apoptosis for KSHV-infected pDMVEC with SphK2 
inhibition (Fig. 4). Together, these data indicate that selectively 
"killing" KSHV-infected endothelial cells by targeting SphK2 
requires increasing viral lytic gene expression within these cells. 

SphK2 regulates expression of KSHV microRNAs 
promoting viral latency and cell survival 

KSHV infection induces signal transduction associated with 
maintenance of viral latency and cell survival, including NF-kB 
activation [23-25]. Moreover, several published studies demon- 
strate a role for specific KSHV microRNAs (miRNAs) in 
maintaining viral latency through complimentary mechanisms, 
including direct targeting of ORF50 or suppression of cellular 
genes whose products regulate NF-kB activation and other 
survival pathways [26-30]. As noted previously, we reported that 
PEL cell death was associated with suppression of NF-kB 
activation during SphK2 inhibition [18], and that apoptosis for 
KSHV-infected pDMVEC during SphK2 inhibition was mediated 
in part through activation of ORF50 (Fig. 4). Therefore, we sought 
to determine whether SphK2 regulates the expression of 
representative KSHV miRNAs associated with these pathways, 
included the following: miR-K12-l which targets IkBoc, an 
inhibitor of NF-kB complexes, thereby promoting NF-KB-depen- 
dent viral latency and cell survival [28]; miR-K12-ll which 
targets IKKs, a signaling intermediate shown previously to 
facilitate lytic reactivation of KSHV independent of NF-kB 
activation [30]; miR-K12-5 which targets the Bcl-2-associated 
factor (BCLAF1), resulting in increased KSHV lytic replication 
[31]; and miR-K12-9 which targets both BCLAF1 [31] and 
ORF50 [27], indicating potential competing functions for this 
miRNA. We found that relative to control siRNA, SphK2-siRNA 
significandy reduced the expression of miR-K12-l and miR-K12- 
1 1 within KSHV-infected pDMVECs, with a less pronounced 
effect on the expression of miR-K12-5 and miR-K12-9 (Fig. 5A). 
Similar results were seen with pharmacologic inhibition of SphK2, 
including dose-dependent suppression of both miR-K12-l and 
miR-K12-l 1 and no impact on expression of either miR-K12-5 or 
miR-K12-9 (Fig. 5B). Subsequent experiments revealed that 
pharmacologic inhibition of SphK2 also restored the expression 
of known targets of miR-K12-l and miR-K12-ll, IkBcx and 
IKKs, whose expression was reduced with KSHV infection 
(Fig. 5C). For subsequent "gain-of-function" experiments, we used 
individual expression constructs encoding either miR-K12-l or 
miR-K12-ll to achieve miRNA expression levels approximately 
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Figure 1. SphK2 maintains survival selectively for KSHV-infected endothelial cells. (A, B) pDMVEC were incubated with purified KSHV or 
control media (mock) for 2 h. 24 h later, cells were transfected with either control non-target (n-siRNA) or SphK2-siRNA (SK2-siRNA) for an additional 
48 h. Immunoblots (A) and flow cytometry (B) were used to confirm target knockdown and identify caspase cleavage and apoptosis, respectively, as 
described in Methods. Error bars represent the S.E.M. for three independent experiments. * = p<0.01 (relative to K+n-siRNA group). (C-E) pDMVEC 
were incubated with or without purified KSHV for 2 h and after 24 h, incubated with the indicated concentrations of ABC294640 (ABC) or vehicle for 
an additional 24 h. Protein expression, apoptosis, and mitochondrial fitness were quantified using immunoblots, flow cytometry and standard MTT 
assays, respectively. Error bars represent the S.E.M. for three independent experiments. * = p<0.01 (relative to K+vehicle group). 
doi:1 0.1 371 /journal.pone.01 0231 4.g001 



6-8-fold greater than the empty vector control (Fig. S 1). We found 
that this overexpression of either miR-K12-l or miR-K12-ll 
repressed KSHV lytic gene expression and apoptosis for KSHV- 
infected pDMVECs during SphK2 inhibition (Fig. 5D and E). 

miR-K 12-1 promotes NF-kB activation in KSHV-infected cells 
through targeting of IkBoc [28]. Therefore, we sought to 
characterize NF-kB activation during SphK2 targeting. We 
confirmed that both SphK2-siRNA and pharmacologic inhibition 
of SphK2 suppressed KSHV-induced phosphorylation of p65, a 
key constituent of NF-kB complexes (Fig. 6A and B). In addition to 
p65 phosphorylation, nuclear translocation of p65 is a key step in 
canonical NF-KB-mediated gene transactivation [47]. Our results 
confirmed that SphK2 inhibition by ABC294640 significantly 
reduced KSHV-induced nuclear translocation of p65 but not in 
the mock cells (Fig. 6C and D). Furthermore, ectopic expression of 
p65 restored p65 activation and significandy reduced apoptosis for 
KSHV-infected pDMVECs during SphK2 inhibition (Fig. 6E and 
F). In support of the selectivity of SphK2 targeting for KSHV- 
infected cells, neither SphK2-siRNA nor pharmacologic inhibition 
of SphK2 reduced basal p65 activation within uninfected cells 
(Fig. 6A and B). Furthermore, we confirmed that miR-K 12-1 
overexpression restored p65 activation for KSHV-infected 
pDMVEC during SphK2 inhibition (Fig. 6G). 



Discussion 

Pharmacologic inhibition of SphK2 reduces tumor growth in 
pre-clinical models for breast, prostate, colon, and hepatocellular 
cancers [17,31-34], as well as KSHV-associated PEL [18]. While 
cooperative mechanisms for SphK regulation of tumor pathogen- 
esis have been established [7-10], data supporting a role for 
sphingolipid biosynthetic pathways in regulation of viral gene 
expression and pathogenesis are much more limited in scope [1 1- 
13]. We have found that targeting SphK2 induces apoptosis 
selectively for KSHV-infected primary endothelial cells, with 
minimal for uninfected endothelial cells. Moreover, this occurs in 
part through activation of KSHV lytic gene expression and 
suppression of KSHV miRNAs involved in maintaining viral 
latency and NF-kB activation. We also noted increased the 
expression of SphK2 following KSHV infection, but additional 
work is needed to identify the mechanisms associated with this 
observation and whether SphK2 inhibition results in release of 
infectious KSHV particles which may justify evaluation of 
combination therapeutic approaches in vivo using ganciclovir or 
other inhibitors of KSHV replication. Nevertheless, our results are 
in general agreement with a single study reporting cytomegalo- 
virus (CMV) regulation of lipid biosynthesis pathways wherein 
CMV infection increased SphK activity, SphKl and SphK2 
mRNA expression, and SphKl protein expression following 
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Figure 2. Targeting SphK2 increases accumulation of ceramide species and reduces S1P levels within endothelial cells. (A, B) 

pDMVEC were incubated with or without purified KSHV for 2 h. After an additional 24 h, cells were incubated with the indicated concentrations of 
ABC294640 (ABC) or vehicle for another 24 h, then ceramide and dihydro-ceramide (dh-ceramide) species quantified as described in Methods. (C, D) 
Cells were treated as (A), then the concentrations of intracellular (C) or extracellular (D) S1 P was quantified by ELISA. Error bars represent the S.E.M. for 
three independent experiments. * = p<0.01. 
doi:1 0.1 371 /journal.pone.01 0231 4.g002 



de novo infection [12]. Although inhibition of SphKl using either 
RNA interference or pharmacologic approaches reduced the 
expression of CMV-encoded genes and CMV replication in the 
latter study, a time-dependent shift in the effects of CMV infection 
on de novo sphingolipid biosynthesis was noted, including activation 
within 24 h of infection and inhibition at later time points [12]. 
We further observed pharmacologic inhibition of SphK2 function 
within KSHV-infected cells (as demonstrated by dose-dependent 
accumulation of ceramides and reductions in intracellular and 
extracellular SIP) but no changes in basal levels of bioactive 
sphingolipids within uninfected cells with exposure to even high 
concentrations of ABC294640 exceeding achievable concentra- 
tions in vivo. It is currendy unknown whether this selective effect 
for KSHV-infected cells is related to increased expression of 
SphK2, but we feel it is unrelated to penetration or activity of 
ABC294640 given that multiple studies demonstrate its inhibitory 
activity for SphK2 within a variety of virus-negative cell types [14— 
17]. Given the selectivity of the drug for SphK2 versus SphKl 
[15], our data may also support compensatory or complimentary 
production of SIP by SphKl within endothelial cells which has 
been previously described [35] and which may sufficiendy 
compensate for the loss of SIP production in uninfected cells. 
SIP binds to 5 G-protein-coupled SIP receptors (S1PR1-5) that 
activate diverse downstream signaling pathways and facilitate 
signal transduction following their engagement by SIP in 
autocrine or paracrine fashion as reviewed elsewhere [36]. Since 



we find no discernable inhibition of basal activation of p65 or 
induction of caspase cleavage within uninfected endothelial cells 
during SphK2 knockdown or pharmacologic targeting of the 
enzyme, we hypothesize that uninfected cells may be more 
resistant to killing through this mechanism due to predominant 
SphKl activity and "inside-out" signaling for SIP. The latter 
concept is supported by our data indicating that inhibition of 
SphK2 reduces both intracellular and extracellular SIP levels in 
KSHV-infected endothelial cell cultures. 

To our knowledge, our study represents the first report 
indicating a putative role for bioactive sphingolipids in the 
regulation of viral miRNA expression. Our study is limited in its 
focus on four representative KSHV miRNAs, although these were 
chosen based on published data indicating their involvement in 
regulation of viral latency and NF-kB activation, including either 
maintenance of latency (miR-K12-l and miR-K12-ll) [28,30], 
induction of lytic reactivation (miR-K12-5) [31], or both (miR- 
K12-9) [27,31]. A more exhaustive approach may identify 
additional KSHV miRNAs regulated by SphK2 and for which 
target genes known to promote viral latency and anti-apoptotic 
signaling for KSHV-infected cells have been identified 
[26,27,29,30,37-39]. SphK2 knockdown or pharmacologic tar- 
geting resulted in reduced expression or miR-K12-l and miR- 
K12-1 1 with lesser or no impact on miR-K12-5 and miR-K12-9, 
suggesting that SphK2 and/ or SIP may not uniformly regulate 
expression of all KSHV miRNAs within infected cells. Additional 
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Figure 3. SphK2 suppresses KSHV lytic gene expression within infected endothelial cells. (A, B) pDMVEC were incubated with purified 

KSHV for 2 h, then transfected with either control non-target (n-siRNA) or SphK2-siRNA (SK2-siRNA) for additional 48 h (A), or incubated with the 

indicated concentrations of ABC294640 (ABC) or vehicle (negative control) for 24 h (B). Viral latent (ORF73) and lytic gene {ORF50, ORF74, K8.1, ORF57) 

transcripts were quantified using qRT-PCR. Error bars represent the S.E.M for three independent experiments. * = p<0.01 (relative to K+n-siRNA or K+ 

vehicle groups). (C) Cells were incubated with vehicle or 60 uM ABC for 24 h prior to identification of K8.1 (lytic) protein expression by 

immunofluorescence. 

doi:1 0.1 371 /journal.pone.01 0231 4.g003 




Figure 4. Repression of KSHV lytic gene expression restores viability for KSHV-infected endothelial cells during SphK2 targeting. 

(A) pDMVEC were incubated with or without purified KSHV for 2 h. After an additional 24 h, cells were transfected with either non-target control 
siRNA (n-siRNA) or ORF50-siRNA for 48 h. Subsequently, cells were incubated with either vehicle or 60 uM ABC for additional 24 h, prior to 
quantification of KSHV latent (ORF73 and ORF71) and lytic {ORF50, ORF74, K8.1) transcripts using qRT-PCR. (B) In parallel, apoptosis was quantified 
using flow cytometry. Error bars represent the S.E.M. for three independent experiments. * = p<0.01 (relative to K+ABC+n-siRNA group). 
doi:1 0.1 371 /journal.pone.01 0231 4.g004 
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Figure 5. Targeting SphK2 induces KSHV lytic gene expression through suppression of KSHV miRNAs. (A) pDMVEC were incubated 
with purified KSHV or control media (mock) for 2 h. 24 h later, cells were transfected with either control non-target (n-siRNA) or SphK2-siRNA (SK2- 
siRNA) for an additional 48 h. KSHV miRNA transcripts were quantified using qRT-PCR. (B) Cells were incubated with KSHV as in (A) then with the 
indicated concentrations of ABC294640 (ABC) or vehicle for 24 h prior to qRT-PCR as in (A). Error bars represent the S.E.M for three independent 
experiments. * = p<0.01 (relative to K+n-siRNA cells or K+vehicle group). (C) Cells were prepared as in (A) and incubated with 60 uM ABC for 24 h 
prior to identification of protein expression using immunoblots. (D, E) pDMVEC were incubated with purified KSHV for 2 h then transfected with 
control vector (pc), or vectors encoding miR-K12-1 (pcmiR-K12-1) or miR-K12-1 1 (pcmiR-K12-1 1) for additional 24 h. Thereafter, cells were incubated 
with vehicle or 60 ABC for an additional 24 h. Viral latent (ORF73, ORF71) and lytic {ORF50, ORF74, K8. 1) transcripts were quantified using qRT-PCR, 
and apoptosis quantified using flow cytometry. * = p<0.01 (relative to K+pc+ABC group). 
doi:1 0.1 371 /journal.pone.01 0231 4.g005 



work is required to elucidate mechanisms for SphK2 regulation of 
KSHV miRNAs, and for regulation of the "latent to lytic" switch 
more generally, although suppression of lytic reactivation during 
SphK2 inhibition through ectopic expression of miR-K12-l and/ 
or miR-K12-ll indicates that SphK2 activity, expression of 
specific KSHV miRNAs, and lytic reactivation are interdepen- 
dent. In addition, ectopic expression of individual KSHV miRNA, 
although achieving expression levels 6-8 fold greater than basal 
levels, was unable to restore viability to a large proportion of cells 
during SphK2 inhibition despite restoration of signaling events 
and lytic gene expression to near pre-treatment levels. It is 
conceivable, therefore, that SIP impacts KSHV miRNA expres- 
sion through alternative mechanisms, and that these mechanisms 
impact other viral or cellular genes mediating cell survival. These 
issues highlight the need for further clarification of the respective 
roles of SphK 1 and SphK2 in regulating viral gene expression. 

Activation of canonical NF-kB activation during KSHV 
infection promotes viral latency and survival for KSHV-infected 
cells [40,41], and previously published data indicate that inhibition 
of SphK2 suppresses NF-kB activation in tumor cell lines [15,31- 
33]. We found that SphK2 supports NF-kB activation (p65 
phosphorylation and nuclear translocation) in KSHV-infected 
cells, and that restoration of miR-K12-l expression restores NF- 
kB activation and endothelial cell viability during SphK2 



targeting. A recent study also provides solid evidence that multiple 
KSHV miRNAs can target IkBcx and regulate the NF-kB pathway 
activity [42] . Although these data suggest that SphK2 regulation of 
miR-K12-l results in NF-kB activation and maintenance of cell 
survival, they do not exclude a role for other SphK2-regulated 
signaling pathways in cell survival, including MAPK and Akt 
pathways which are also regulated by SphK [35,36] and which 
were downregulated within PEL cells in dose-dependent fashion 
with pharmacologic targeting of SphK2 [18]. In fact, SphKl 
production of SIP and activation of these alternative pathways 
through engagement of SI PR or other mechanisms may 
contribute to resistance of uninfected cells to SphK2 targeting. 
Furthermore, signaling pathways themselves may regulate viral 
miRNA expression at the varied steps of miRNA biogenesis or 
biological modification processing as reviewed elsewhere [43,44]. 

Taken together, our data indicate that SphK2 promotes survival 
selectively for KSHV-infected cells through maintenance of 
KSHV latency and its regulation of KSHV miRNAs which 
govern signal transduction and the KSHV lytic switch. This work 
justifies additional studies to identify mechanisms for SphK2 
regulation of KSHV miRNAs. More importantly, they further 
solidify SphK2 as a potential therapeutic target for KSHV- 
associated tumors and rationalize clinical trials exploring the utility 
of ABC294640 for the treatment of KS and PEL. 
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Figure 6. SphK2 supports enhanced NF-kB activation during KSHV infection of endothelial cells. (A) pDMVEC were incubated with 
purified KSHV or control media (mock) for 2 h. 24 h later, cells were transfected with either control non-target (n-siRNA) or SphK2-siRNA (SK2-siRNA) 
for an additional 48 h. Immunoblots were used to identify protein expression. (B) pDMVEC were incubated with KSHV as in (A) and after 24 h, 
incubated with the indicated concentrations of ABC294640 (ABC) or vehicle for additional 24 h prior to completion of immunoblots. (C-D) Cells were 
treated as (B) prior to nuclear or cytoplasma fractions isolated as described in Methods. Immunoblots were performed to detect signaling molecules, 
Ref-1 as a positive internal control for nuclear protein expression/loading, and a-Tubulin to exclude the possibility of contamination of nuclear 
fractions with extranuclear proteins (C). a-Tubulin was used as a loading control for cytoplasma proteins (D). (E-G) Cells were incubated with KSHV as 
in (A) and 24 h later, transfected with control vector (pc), or vectors encoding NF-kB p65 (E and F) or miR-K1 2-1 (G) for an additional 24 h. Thereafter, 
cells were incubated with either vehicle or 60 uM ABC for 24 h. Protein expression and apoptosis were determined as previously described. Error bars 
represent the S.E.M. for three independent experiments. * = p<0.01 (relative to K+pc+ABC group). 
doi:1 0.1 371 /journal.pone.01 0231 4.g006 



Materials and Methods 

Cell culture and reagents 

Primary human dermal microvascular endothelial cells 
(pDMVEC) were purchased from American Type Culture 
Collection (ATCC) and maintained according to the manufactur- 
er's instructions as described previously [23]. Human embryonic 
kidney (HEK) 293A cells were purchased from ATCC and 
maintained in Dulbecco's modified Eagle's medium (DMEM; 
Gibco) supplemented with 10% FBS, 100 U/ml penicillin, and 
100 (Xg/mL streptomycin. KSHV-infected body cavity-based 
lymphoma (BCBL-1) cells were purchased from ATCC and 
maintained in RPMI 1640 media (Gibco) supplemented with 10% 
fetal bovine serum (FBS), 10 mil HEPES (pH 7.5), 100 U/mL 
penicillin, 100 (Xg/mL streptomycin, 2 mM L-glutamine, 
0.05 mM (3-mercaptoethanol, and 0.02% (wt/vol) sodium bicar- 
bonate [18]. To obtain purified KSHV, BCBL-1 cells were 
incubated with 0.6 mM valproic acid for 6 days, and purified virus 
concentrated from culture supernatants and infectious titers 
determined using pDMVEC as previously described [45]. A 
MOI of approximately 5 was used for all experiments. 3-(4- 
chlorophenyl)-adamantane- 1 -carboxylic acid (pyridin-4-ylmethyl) 
amide (ABC294640) was synthesized for all experiments as 
previously described [46]. 



Cell viability assays 

MTT assays were used for assessment of proliferative capacity 
as described previously [47]. Flow cytometry was used for 
quantitative assessment of apoptosis using the FITC-Annexin V/ 
propidium iodide (PI) Apoptosis Detection Kit I (BD Pharmingen) 
according to the manufacturer's instructions. 

Transfection Assays 

pDMVEC were transfected using P cDNA3.1-FLAG-NF-kB 
p65 (pc-p65) or control vectors as described previously [48]. Cells 
were also transfected in 12-well plates using Lipofectamine 2000 
(Invitrogen) for 24 to 48 h and constructs for overexpression of 
miR-K12-l and miR-K12-ll as previously described [49]. For 
RNA interference, pDMVEC were transfected for 48 h with 
either SK2-, ORF50-, or control (non-target)-siRNAs using ON- 
TARGET plus SMART pool (Dharmacon) and DharmaFECT 
Transfection Reagent (Dharmacon) according to the manufactur- 
er's instructions. Transfection efficiency was normalized through 
co-transfection of a lacZ reporter construct and determination of 
(3-galactosidase activity using a commercial [S-galactosidase 
enzyme assay system according to the manufacturer's instructions 
(Promega). For some experiments, transfection efficiency was 
further assessed on a single-cell level through co-transfection with 
a green fluorescent protein (GFP) construct (pEGFP-Nl) and 
subsequent flow cytometry analysis as described previously [50]. 
This procedure was performed using pDMVEC and HEK293A 
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cells (as a positive control), since the transfection efficiency of GFP 
for HEK293A cells approaches 90%. Using this method, we 
confirmed the pDMVEC transfection efficiency of approximately 
50% of cells in our experiments (Fig. S2). 

Immunoblotting 

Cells were lysed in buffer containing 20 mM Tris (pH 7.5), 
150 mM NaCl, 1% NP40, 1 mM EDTA, 5 mM NaF and 5 mM 
Na 3 V0 4 . Total cell lysates (30 (Xg) were resolved by 10% SDS- 
PAGE, transferred to nitrocellulose membranes, and incubated 
with 100-200 |ig/mL antibodies as follows: phospho-NF-KB p65 
(Ser536), total NF-kB p65, pro— /cleaved caspase-3, pro-/cleaved 
caspase-9, IkBoc, IKKs, Ref-1 (Cell Signaling Technologies) and 
ot-Tubulin (Sigma). For loading controls, lysates were also 
incubated with antibodies detecting P-Actin (Sigma). Immunore- 
active bands were developed using an enhanced chemilumines- 
cence reaction (Perkin-Elmer). Nuclear and cytoplasma protein 
fractions were isolated using a Nuclear Extract Kit (Active Motif) 
as previously described [48], and the nuclear origin of these 
extracts was verified using anti-Ref-1 antibodies. Anti-a-Tubulin 
antibodies were used to exclude contamination of nuclear extracts 
with extranuclear proteins. 

qRT-PCR 

Total RNA was isolated using the RNeasy Mini kit according to 
the manufacturer's instructions (QIAGEN). cDNA was synthe- 
sized from equivalent total RNA using Superscript III First-Strand 
Synthesis SuperMix Kit (Invitrogen) also according to the 
manufacturer's procedures. Primers used for amplification of 
target genes are displayed in Table S 1 . Amplification was carried 
out using an iCycler IQ Real-Time PGR Detection System, and 
cycle threshold (Ct) values were tabulated in duplicate for each 
gene of interest in each experiment. "No template" (water) 
controls were used to ensure minimal background contamination. 
Using mean Ct values tabulated for each gene, and paired Ct 
values for P-actin as an internal control, fold changes for 
experimental groups relative to assigned controls were calculated 
using automated iQ5 2.0 software (Bio-rad). For amplification of 
viral miRNAs, cDNA was synthesized using the Taqman miRNA 
RT kit (Applied Biosystems), and qPCR was performed using the 
Taqman MicroRNA Assays kit (Applied Biosystems) and a 7500 
Real Time PCR System. Fold changes for microRNA were 
calculated using paired Ct values for RNU6B as recommended by 
the manufacturer (Applied Biosystems). 

Immunofluorescence 

1x10* pDMVEC per well were seeded in eight-well chamber 
slides (Nunc) and incubated with dilutions of freshly prepared viral 
stocks in the presence of 8 (lg/ mL Polybrene (Sigma- Aldrich) for 
2 h at 37°C. After remaining in culture overnight, cells were 
treated with indicated concentration of ABC294640 for 24 h. cells 
were incubated in 1:1 methanol- acetone at — 20°C for fixation and 
permeabilization, then with a blocking reagent (10% normal goat 
serum, 3% bovine serum albumin, and 1% glycine) for an 
additional 30 minutes. Cells were then incubated for 1 h at 25°C 
with 1:2000 dilution of a mouse anti-K8.1 monoclonal antibody 
(ABI) followed by 1:200 dilution of a goat anti-mouse secondary 
antibody conjugated to Texas Red (Invitrogen). For identification 
of nuclei, cells were subsequently counterstained with 0.5 |0,g/mL 
4',6-diamidino-2-phenylindole (DAPI; Sigma) in 180 mM Tris- 



HC1 (pH 7.5). Slides were washed once in 180 mM Tris-HCl for 
15 minutes and prepared for visualization using a Leica TCPS 
SP5 AOBS confocal microscope. 

Sphingolipid analyses 

Quantification of ceramide and dihydro-ceramide species was 
performed using a Thermo Finnigan TSQ 7000 triple-stage 
quadruple mass spectrometer operating in Multiple Reaction 
Monitoring positive ionization mode (Thermo Fisher Scientific). 
Quantification was based on calibration curves generated by 
spiking an artificial matrix with known amounts of target 
standards and an equal amount of the internal standard. The 
target analyte: internal standard peak area ratios from each sample 
were compared with the calibration curves using linear regression. 
Final results were expressed as the ratio of sphingolipid normalized 
to total phospholipid phosphate level using the Bligh and Dyer 
lipid extract method [51]. 

Quantification of S1 P 

Concentrations of SIP in culture supernatants and pDMVEC 
cell lysates were determined using the SIP Assay Kit (Echelon) 
according to the manufacturers' instructions. 

Statistical analysis 

Significance for differences between experimental and control 
groups were determined using the two-tailed Student's t-test (Excel 
8.0) and p values<0.01 were considered significant. 

Supporting Information 

Figure SI Restoration of KSIIV miRNA expression 
during SphK2 targeting. pDMVEC were incubated with 
KSHV for 2 h. 24 h later, cells were transfected with control 
vector (pc), or vectors encoding either miR-K12-l or miR-K12-l 1 
for an additional 24 h prior to their incubation with either vehicle 
or 60 |lM ABC for another 24 h. miRNA expression was 
determined as previously described. Error bars represent the 
S.E.M. for three independent experiments. 
(TIF) 

Figure S2 The transfection efficiency within pDMVEC. 

pDMVEC and HEK293A cells (as a positive control) were 
transfected with or without pEGFP-Nl vector by Lipofectamine 
2000 (Invitrogen) for 24 h, then transfection efficiency was 
assessed by flow cytometry. 
(TIF) 

Table SI Primer sequences for qRT-PCR in this study. 

(DOCX) 

Acknowledgments 

We would like to thank Dr. Yussuf Hannun (Stony Brook University), Dr. 
Rolf Renne (University of Florida), Dr. Wanguo Liu (LSUHSC-NO) for 
providing NF-kB p65, KSHV miRNA expression vectors and pEGFP-Nl, 
respectively. 

Author Contributions 

Conceived and designed the experiments: LD ZQ_ CP. Performed the 
experiments: LD KPB ZQ. Analyzed the data: LD CVJ BO ZQ. CP. 
Contributed reagents/materials/analysis tools: CDS. Wrote the paper: LD 
ZQCP. 



PLOS ONE | www.plosone.org 



8 



July 2014 | Volume 9 | Issue 7 | e102314 



SphK2 Promotes Survival for KSHV-lnfected Endothelial Cells 



References 

1. Scabcrg EC, Wiley D, Martinez-Maza O, ChmielJS, Kingslcy L, ct al. (2010) 
Cancer incidence in the multicenter AIDS Cohort Study before and during the 
HAART era: 1984 to 2007. Cancer 116: 5507-5516. 

2. Simard EP, Pfeiffer RM, Engels EA (2011) Cumulative incidence of cancer 
among individuals with acquired immunodeficiency syndrome in the United 
States. Cancer 117: 1089-1096. 

3. Lebbc C, Lcgendre C, Frances C (2008) Kaposi sarcoma in transplantation. 
Transplant Rev (Orlando) 22: 252-261. 

4. Einollahi B, Lessan-Pezeshki M, Nourbala MH, Simforoosh N, Pourfarziani V, 
et al. (2009) Kaposi's sarcoma following living donor kidney transplantation: 
review of 7,939 recipients. Int Urol Nephrol 41: 679—685. 

5. Cook-Mozaffari P, Newton R, Beral V, Burkitt DP (1998) The geographical 
distribution of Kaposi's sarcoma and of lymphomas in Africa before the AIDS 
epidemic. Br J Cancer 78: 1521-1528. 

6. Mesri EA, Cesarman E, Boshoff C (2010) Kaposi's sarcoma and its associated 
herpesvirus. Nat Rev Cancer 10: 707-719. 

7. Ogretmen B, Hannun YA (2004) Biologically active sphingolipids in cancer 
pathogenesis and treatment. Nat Rev Cancer 4: 604-616. 

8. Takabe K, Paugh SW, Milstien S, Spiegel S (2008) "Inside-out" signaling of 
sphingosine- 1 -phosphate: therapeutic targets. Pharmacol Rev 60: 181-195. 

9. Kohama T, Olivera A, Edsall L, Nagiec MM, Dickson R, et al. (1998) Molecular 
cloning and functional characterization of" murine sphingosine kinase. J Biol 
Chem 273: 23722-23728. 

10. Liu H, Sugiura M, Nava VE, Edsall LC, Kono K, et al. (2000) Molecular 
cloning and functional characterization of a novel mammalian sphingosine 
kinase type 2 isoform. J Biol Chem 275: 19513-19520. 

11. Yamane D, Zahoor MA, Mohamed YM, Azab W, Kato K, et al. (2009) 
Inhibition of sphingosine kinase by bovine viral diarrhea virus NS3 is crucial for 
efficient viral replication and cytopathogenesis. J Biol Chem 284: 1 3648-1 3659. 

12. Machesky NJ, Zhang G, Raghavan B, Zimmerman P, Kelly SL, et al. (2008) 
Human cytomegalovirus regulates bioactive sphingolipids. J Biol Chem 283: 
26148-26160. 

13. Monick MM, Cameron K, Powers LS, Butler NS, McCoy D, et al. (2004) 
Sphingosine kinase mediates activation of extracellular signal- related kinase and 
Akt by respiratory syncytial virus. Am J Respir Cell Mol Biol 30: 844-852. 

14. French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, et al. (2003) 
Discovery and evaluation of inhibitors of human sphingosine kinase. Cancer Res 
63: 5962-5969. 

15. French KJ, Zhuang Y, Maines LW, Gao P, Wang W, etal. (2010) Pharmacology 
and antitumor activity of ABC294640, a selective inhibitor of sphingosine 
kinase-2. J Pharmacol Exp Ther 333: 129-139. 

16. French KJ, Upson JJ, Keller SN, Zhuang Y, Yun JK, et al. (2006) Antitumor 
activity of sphingosine kinase inhibitors. J Pharmacol Exp Ther 318: 596-603. 

17. Beljanski V, Knaak C, Smith CD (2010) A novel sphingosine kinase inhibitor 
induces autophagy in tumor cells. J Pharmacol Exp Ther 333: 454—464. 

18. Qin Z, Dai L, Trillo-Tinoco J, Senkal C, Wang W, et al. (2014) Targeting 
Sphingosine Kinase Induces Apoptosis and Tumor Regression for KSHV- 
Associated Primary Effusion Lymphoma. Mol Cancer Ther 13: 154—164. 

19. Schulz TF (2006) The pleiotropic effects of" Kaposi's sarcoma herpesvirus. 
J Pathol 208: 187-198. 

20. Shaw RN, Arbiser JL, Offermann MK (2000) Valproic acid induces human 
herpesvirus 8 lytic gene expression in BCBL-1 cells. AIDS 14: 899-902. 

21. Gwack Y, Byun H, Hwang S, Lim C, ChoeJ (2001) CREB-binding protein and 
histone deacetylasc regulate the transcriptional activity of Kaposi's sarcoma- 
associated herpesvirus open reading frame 50. J Virol 75: 1909—1917. 

22. Sun R, Lin SF, Gradovillc L, Yuan Y, Zhu F, et al. (1998) A viral gene that 
activates lytic cycle expression of Kaposi's sarcoma-associated herpesvirus. Proc 
Natl Acad Sci USA 95: 10866-10871. 

23. Qin Z, DeFee M, IsaacsJS, Parsons C (2010) Extracellular Hsp90 serves as a co- 
factor for MAPK activation and latent viral gene expression during de novo 
infection by KSHV. Virology 403: 92-102. 

24. Montaner S, Sodhi A, Pece S, Mesri EA, Gutkind JS (2001) The Kaposi's 
sarcoma-associated herpesvirus G protein-coupled receptor promotes endothe- 
lial cell survival through the activation of Akt /protein kinase B. Cancer Res 61: 
2641-2648. 

25. Sadagopan S, Sharma-Walia N, Veettil MV, Raghu H, Sivakumar R, et al. 
(2007) Kaposi's sarcoma-associated herpesvirus induces sustained NF-kappaB 
activation during de novo infection of primary human dermal microvascular 
endothelial cells that is essential for viral gene expression. J Virol 81: 3949-3968. 

26. Lin X, Liang D, He Z, Deng Q, Robertson ES, et al. (2011) miR-K12-7-5p 
encoded by Kaposi's sarcoma-associated herpesvirus stabilizes the latent state by 
targeting viral ORF50/RTA. PLoS One 6: el6224. 



27. Bellare P, Ganem D (2009) Regulation of KSHV lytic switch protein expression 
by a virus-encoded microRNA: an evolutionary adaptation that fine-tunes lytic 
reactivation. Cell Host Microbe 6: 570—575. 

28. Lei X, Bai Z, Ye F, Xie J, Kim CG, et al. (2010) Regulation of NF-kappaB 
inhibitor IkappaBalpha and viral replication by a KSHV microRNA. Nat Cell 
Biol 12: 193-199. 

29. Lu CC, Li Z, Chu CY, FengJ, Sun R, et al. (2010) MicroRNAs encoded by 
Kaposi's sarcoma-associated herpesvirus regulate viral life cycle. EMBO Rep 1 1: 
784-790. 

30. Liang D, Gao Y, Lin X, He Z, Zhao Q^ et al. (2011) A human herpesvirus 
miRNA attenuates interferon signaling and contributes to maintenance of viral 
latency by targeting IKKcpsilon. Cell Res 21: 793-806. 

31. Ziegelbauer JM, Sullivan CS, Ganem D (2009) Tandem array-based expression 
screens identify host mRNA targets of virus-encoded microRNAs. Nat Genet 41 : 
130-134. 

32. Antoon JW, White MD, Slaughter EM, Driver JL, KhahTi HS, et al. (2011) 
Targeting NFkB mediated breast cancer chemoresistance through selective 
inhibition of sphingosine kinase-2. Cancer Biol Ther 11: 678—689. 

33. Beljanski V, Lewis CS, Smith CD (2011) Antitumor activity of sphingosine 
kinase 2 inhibitor ABC294640 and sorafenib in hepatocellular carcinoma 
xenografts. Cancer Biol Ther 11: 524—534. 

34. Chumanevich AA, Poudyal D, Cui X, Davis T, Wood PA, et al. (2010) 
Suppression of colitis-driven colon cancer in mice by a novel small molecule 
inhibitor of sphingosine kinase. Carcinogenesis 31: 1787-1793. 

35. Limaye V, Li X, Halm C, Xia P, Berndt MC, et al. (2005) Sphingosine kinase-1 
enhances endothelial cell survival through a PECAM-1 -dependent activation of 
PI-3K/Akt and regulation of Bcl-2 family members. Blood 105: 3169-3177. 

36. Strub GM, Maceyka M, Hait NC, Milstien S, Spiegel S (2010) Extracellular and 
intracellular actions of sphingosine- 1 -phosphate. Adv Exp Med Biol 688: 141- 
155. 

37. Gottwein E, Cullen BR (2010) A human herpesvirus microRNA inhibits p21 
expression and attenuates p21-mediated cell cycle arrest. J Virol 84: 5229-5237. 

38. Suffcrt G, Malterer G, HausserJ, ViiliainenJ, Fender A, et al. (2011) Kaposi's 
sarcoma herpesvirus microRNAs target caspase 3 and regulate apoptosis. PLoS 
Pathog 7: el002405. 

39. Lu F, Stedman W, Youscf M, Renne R, Lieberman PM (2010) Epigenetic 
regulation of Kaposi's sarcoma-associated herpesvirus latency by virus-encoded 
microRNAs that target Rta and the cellular Rbl2-DNMT pathway. J Virol 84: 
2697-2706. 

40. Grossmann C, Ganem D (2008) Effects of NFkappaB activation on KSHV 
latency and lytic reactivation arc complex and context-dependent. Virology 375: 
94-102. 

41. Zhu X, Zhou F, Qin D, Zeng Y, Lv Z, et al. (201 1) Human immunodeficiency 
virus type 1 induces lytic cycle replication of Kaposi's-sarcoma-associated 
herpesvirus: role of Ras/c-Raf/MEKl/2, PI3K/AKT, and NF-kappaB 
signaling pathways. J Mol Biol 410: 1035-1051. 

42. Moody R, Zhu Y, Huang Y, Cui X, Jones T, et al. (2013) KSHV microRNAs 
mediate cellular transformation and tumorigenesis by redundantly targeting cell 
growth and survival pathways. PLoS Pathog 9: el003857. 

43. Tuddenham L, Pfeffer S (2011) Roles and regulation of microRNAs in 
cytomegalovirus infection. Biochim Biophys Acta 1809: 613—622. 

44. Schanen BC, Li X (2011) Transcriptional regulation of mammalian miRNA 
genes. Genomics 97: 1—6. 

45. Parsons CH, Adang LA, Overdevest J, O'Connor CM, Taylor JR Jr, et al. 
(2006) KSHV targets multiple leukocyte lineages during long-term productive 
infection in NOD/SCID mice. J Clin Invest 116: 1963-1973. 

46. Maines LW, Fitzpatrick LR, French KJ, Zhuang Y, Xia Z, et al. (2008) 
Suppression of ulcerative colitis in mice by orally available inhibitors of 
sphingosine kinase. Dig Dis Sci 53: 997-1012. 

47. Qin Z, Dai L, Bratocva M, Slomiany MG, Toole BP, et al. (201 1) Cooperative 
roles for emmprin and LYVE-1 in the regulation of chemoresistance for primary 
effusion lymphoma. Leukemia 25: 1598-1609. 

48. Defee MR, Qjn Z, Dai L, Toole BP, IsaacsJS, et al. (201 1) Extracellular Hsp90 
serves as a co-factor for NF-kappaB activation and cellular pathogenesis induced 
by an oncogenic herpesvirus. Am J Cancer Res 1: 687-700. 

49. Samols MA, Skalsky RL, Maldonado AM, Riva A, Lopez MC, ct al. (2007) 
Identification of cellular genes targeted by KSHV-encoded microRNAs. PLoS 
pathogens 3: c65. 

50. Qin Z, Dai L, Defee M, Findlay VJ, Watson DK, et al. (20 1 3) Kaposi's sarcoma- 
associated herpesvirus suppression of DUSP1 facilitates cellular pathogenesis 
following de novo infection. J Virol 87: 621—635. 

51. Bielawski J, Szulc ZM, Hannun YA, Bielawska A (2006) Simultaneous 
quantitative analysis of bioactive sphingolipids by high-performance liquid 
chromatography-tandem mass spectrometry. Methods 39: 82-91. 



PLOS ONE | www.plosone.org 



9 



July 2014 | Volume 9 | Issue 7 | e102314 



